Introduction
Mammalian cell division, mitotic transfer of genome to new daughter cells, occurs when the cell has enough cytoplasmic content and DNA replication is finished correctly. The regulatory mechanisms during interphase (G1, S, G2 phases) control the cell division decision by the presence of various time-dependent and regularly activated molecules such as cyclin and cyclin-dependent kinases (CDKs) (Morgan et al., 1998) . Each interphase phase has its own activated cyclin-CDK complexes that permit cell cycle progression during surveillance mechanisms (Arellano et al., 1997) . Growth promoting signals due to growth factors change the cell cycle regulation and promote neoplastic transformation (Paulovich et al., 1997) . Recently, new approaches to antineoplastic therapy are focused on cyclin-CDK complex inhibition.
Thus far, 6 classes of chemical CDK inhibitors have been characterized, including purine-derived CDK inhibitors (Meijer, 1996) . Olomoucine, roscovitine, and purvalanol are the most commonly investigated CDK inhibitors that cause cell cycle arrest and trigger apoptotic cell death. Roscovitine (CYC202, Seliciclib) or purvalanol induce apoptosis by causing cell cycle arrest in the G1 and G2/M phases in prostate (Ringer et al., 2010) , lung (Zhang et al., 2010) , multiple myeloma (Komina et al., 2011) , colon, and breast cancer cell lines (Wesierska-Gadek et al., 2004; Arisan et al., 2012) . Although CDK inhibitor-induced apoptotic cell death has been determined in breast cancer, the exact underlying molecular targets in cell death and survival mechanism have not been clarified yet.
MAPKs are regulated by various cellular arrangements such as cell growth, differentiation, and apoptotic cell death. Various extracellular responses such as osmotic stress, inflammation, UV radiation, and growth factors may induce MAPK signaling (Pearson et al., 2001) . The MAPK superfamily consists of 3 serine/threonine kinases: p38, stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), and extracellular signal-regulated kinase 1/2 (ERK1/2) (Brown and Benchimol, 2006) . Increased expressions of proapoptotic Bim and Bad have been determined in ERK1/2-downregulated cancer cells (Bodur et al., 2013) . p38 MAPK and SAPK/JNK kinases were described as stress-activated kinases that induce inflammation and apoptosis (Xia et al., 1995) . Various studies showed that phosphorylation of p38 due to chemotherapeutic drugs might induce apoptosis in cancer cells (Deacon et al., 2003) . The last MAPK family member, SAPK/JNK, is activated during ERK1/2 inhibition and controls the proapoptotic Bax and Bak protein activities. Activated SAPK/JNK-induced apoptosis has been defined by its ability to induce c-Jun (Chen et al., 1996) . Growth factors and mitogenic activators have been shown to induce ERK 1/2 activation, which causes its translocation to the nucleus and activates transcription factors c-Fos, ATF-2, Elk-1, c-Jun, c-Myc, and Ets-1 (Troppmair et al., 1994) . Moreover, SAPK/JNK has regulatory functions on various transcription factors such as p53 or c-Myc (Noguchi et al., 2000) .
As a protooncogene, c-Myc has been shown to play essential roles in growth control, differentiation, and apoptosis (Dang, 1999) . c-Myc is downregulated during cellular differentiation and overexpression of c-Myc has been observed in mitogenic stimulation (Henriksson et al., 1996) . c-Myc is one of the family members of the transcription factors; Myc has a basic-helix-loop-helixleucine zipper motif that recognizes CAC (G/T) TG (E-box element) (Evan and Littlewood, 1998) . As a transcription factor, it induces the expression of various proteins that play roles in growth, cell cycle, signaling, and adhesion (Coller et al., 2000) . One of the target genes of c-Myc is ornithine decarboxylase (ODC), which is the rate-limiting enzyme of polyamine (PA) biosynthetic machinery (Walhout et al., 1997) .
Natural PAs putrescine, spermidine, and spermine are aliphatic cations present in all organisms (Heby and Persson, 1990) . Because of binding affinity of PAs on nucleic acids, their mechanistic action on multiple cellular functions such as DNA replication, RNA stability, cell proliferation, growth, and cell death gains importance (Bachrach, 2010) . In homeostasis, regulation of intracellular PA levels is under the control of PA metabolism. ODC is the major PA biosynthesis enzyme and has a 2-E-box element at c-Myc binding (Gan et al., 1993) . The PA biosynthetic enzyme ODC activity is controlled by ornithine decarboxylase antizyme and ornithine decarboxylase antizyme inhibitor (OAZI). This regulation was found disrupted in cancer cells (Kahana and Reiss, 2005, Wang et al., 2007) . Due to the determination of elevated levels of PAs in cancer cells, drug-mediated inhibition of ODC, which led to depletion of PAs, was shown to be a promising antineoplastic tool (Wallace et al., 2004) .
In this study, our aim was to determine the potential role of CDK inhibitors roscovitine and purvalanol by investigating the MAPK signaling cascade and PAs in estrogen-positive (ER+) MCF-7 and ER-negative (ER-) MDA-MB-231 breast cancer cells.
Material and methods

Drugs, chemical, and antibodies
Roscovitine was purchased from Sigma (St. Louis, MO, USA), dissolved in DMSO to make a 10 mM stock solution, and stored at -20 °C. Purvalanol was purchased from TOCRIS (Bristol, United Kingdom) and dissolved in DMSO at an initial stock concentration of 10 mM. U0126 was purchased from Cell Signaling Technology (CST, Danvers, MA, USA). Bax, caspase-9, caspase-7, PARP, β-actin, c-Jun, c-Raf, Ras, p38, p44/42, SAPK/ JNK, phospho-p38, p44/42, and SAPK/JNK antirabbit antibodies (each were prepared at 1:1000 dilution) were purchased from CST. ODC and OAZI were kindly gifted by Chaim Kahana (Weizmann Institute, Rehovot, Israel) . Two different c-Myc antibodies were utilized in this study. The CST-originated antibody showed 2 different band intensities of 57 and 65 kDa, while the Santa Cruz Biotechnology-oriented antibody determined only a 57-kDa band. Horseradish peroxidase (HRP)-conjugated secondary antirabbit antibodies (1:5000) were from CST. and MDA-MB-231 (HTB 26) breast cancer cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in DMEM medium (GIBCO, Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (Pan Biotech, Aidenbach, Germany) and 100 U/100 mg mL -1 penicillin/streptomycin and were grown in the presence of 5% CO 2 in humidified air at 37 °C. 2.3. Cell viability assay MCF-7 and MDA-MB-231 breast cancer cells were seeded at 1 × 10 4 densities in 96-well plates and treated with various concentrations of roscovitine and purvalanol for 24 h. Following drug treatments, cell were exposed to 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide dye (MTT, 5 mg/mL, Sigma) and incubated at 37 °C for 4 h for conversion of MTT to formazan crystals by mitochondrial enzymes. Following aspiration of the medium, 200 µL of DMSO (Sigma) was added and the absorbance of the suspension was determined at 570 nm with a microplate reader (Bio-Rad, Hercules, CA, USA).
Cell culture
Cell cycle analysis by PI staining
In 6-well plates, 2 × 10 5 MCF-7 and MDA-MB-231 breast cancer cells were seeded and then treated with purvalanol (20 µM) or roscovitine (30 µM) for 24 h. Both floating and adherent cells were collected and fixed with 70% ethanol. Following incubation on ice for 30 min samples were diluted with 1X phosphate-buffered saline (PBS). Samples were then centrifuged at 1200 rpm for 5 min. Pellets were resuspended in a solution of 1X PBS, RNase (100 µg/ml) and propidium iodide (PI, 40 µg/ml). Samples (totally 100 µL) were kept for 30 min at 37 °C in the dark. Cell cycle distribution was analyzed with an Accuri Facs Flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). A minimum of 5000 cells was analyzed. Gated cells were adjusted according to untreated stained cells. 2.5. Apoptosis determination by cell death ELISA assay Cytoplasmic histone-associated-DNA-fragments (monoand oligonucleosomes) were determined according to the manufacturer's instructions provided in the Cell Death Detection ELISA PLUS Kit (Roche, Indianapolis, IN, USA). In 96-well plates, 1 × 10 5 MCF-7 and MDA-MB-231 cells/ well were seeded and allowed to attach, and cells were treated with roscovitine (30 µM) or purvalanol (20 µM) for 24 h. The cell lysates were placed in a streptavidin-coated microplate. A mixture of antihistone-biotin and anti-DNA-peroxidase was added and these mixtures were incubated for 2 h at 15-25 °C. After removal of unbound antibodies by a washing procedure, peroxidase was determined photometrically at 405 nm with ABTS as a substrate. 2.6. Analysis of DNA fragmentation by DAPI staining Cells (1 × 10 5 ) were seeded on 12-well plates and allowed to adhere; cells were then treated with each CDK inhibitor for 24 h. Following drug treatment, cells were washed once with 1X PBS and then stained with 1 mg/mL 4' ,6-diamidino-2-phenylindole (DAPI, 1 mg/mL stock concentration in 1X PBS) fluorescent probe. CDK inhibitor-induced nuclear DNA fragmentation was visualized under a fluorescence microscope (Olympus, Tokyo Japan).
Determination of mitochondrial membrane potential (Δψm) disruption
In 12-well plates, 1 × 10 5 MCF-7 and MDA-MB-231 cells were seeded, allowed to attach overnight, and treated with desired concentrations of roscovitine (30 µM) and purvalanol (20 µM) for 24 h. Cells were washed once with 1X PBS and stained with 4 nM DiOC6 (Molecular Probes, Eugene, OR, USA) fluorescent probe. Δψm disruption was measured with a Fluoroskan Ascent fluorometer (Thermo Labsystems, Beverly, MA, USA) (excitation/emission = 488 nm /525 nm) and visualized under a fluorescence microscope (Olympus).
Immunoblot analysis
MCF-7 and MDA-MB-231 breast cancer cells were treated with appropriate concentrations of each CDK inhibitor for 24 h. First, all samples were washed with ice-cold 1X PBS and lysed on ice in a solution containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40 (v/v), 1 mM EDTA, 0.5 mM PMSF, and 1 mM DTT protease inhibitor cocktail (Complete, Roche). After cell lysis, cell debris was removed by centrifugation for 15 min at 13,200 rpm, and protein concentrations were determined by Bradford protein assay. Total protein lysates (30 µg) were separated on 12% SDS-PAGE and transferred onto PVDF membranes (Roche). The membranes were then blocked with 5% milk blocking solution in Tris buffer saline (TBS) and Tween 20 (Sigma) and incubated with appropriate primary and HRP-conjugated secondary antibodies (CST) in antibody buffer containing 5% (v/v) milk blocking solution. Following a washing step with 1X TBS-Tween 20, proteins were analyzed using an enhanced chemiluminescence detection system according to a previous study (Haan and Behrmann, 2007) . Bands were exposed to Lumi-Film chemiluminescent detection (Roche). 2.9. Cellular PA content determination with HPLC To determine cellular PA content, 2 × 10 6 cells were seeded on 100-mm petri dishes and allowed to attach overnight. Cells were then treated with desired concentrations of drugs for 24 h. All samples were rinsed with icecold 1X PBS and centrifuged at 13,200 rpm for 15 min. Trichloroacetic acid (50% w:v) was added to each sample (1:10, v:v). After a benzoylation process, samples were immediately run on HPLC equipment using a UV detector at 226 mV. Obtained data were evaluated according to internal standard 1,6-diaminoheptane and standard curves of putrescine, spermidine, and spermine standards.
Statistical analysis
Numerical data were obtained from averages of at least 3 experiments and analyzed with GraphPad 4.0 software. MTT, Δψm, cell death ELISA assay, and HPLC analysis results are shown as mean ± standard deviation, and Bonferroni's multiple comparisons ANOVA test was applied to understand the probability. Differences were regarded as statistically significant at values of P < 0.05. Immunoblotting results were repeated at least twice and the ImageJ program was applied to get band intensities. Band intensities are shown in figures as western blot images.
Results
CDK inhibitors induced cell viability loss and apoptosis in MCF-7 and MDA-MB-231 breast cancer cells
In order to understand the effect of CDK inhibitors roscovitine and purvalanol on MCF-7 and MDA-MB-231 breast cancer cells, MTT cell viability assay was performed. Following exposure of cells to various concentrations of each drug (0-30 µM) for 24 h, we determined inhibitory concentrations for each CDK inhibitor. As shown in Figure  1A , 20 µM purvalanol decreased cell viability by 37% and 25% in MCF-7 and MDA-MB-231 breast cancer cells, respectively (MCF-7 vs. MDA-MB-231: P < 0.0001). In a similar way, 30 µM roscovitine decreased cell viability by 32% and 25% in MCF-7 and MDA-MB-231 breast cancer cells, respectively (MCF-7 vs. MDA-MB-231: P < 0.001, Figure 1B) .
In order to evaluate the potential role of CDK inhibitors in the cell cycle of MCF-7 and MDA-MB-231 breast cancer cells, we performed cell cycle analysis following PI staining. The sub-G1 population was increased following purvalanol (20 µM) or roscovitine (30 µM) treatment by 7.8% and 3.6% compared to untreated control samples in MCF-7 cells, respectively ( Figure 1C ). Although roscovitine more efficiently induced apoptosis by increasing sub-G1 ratio by 5% in MDA-MB-231 cells, purvalanol increased the sub-G1 ratio by 3.1% and was found to be less effective compared to use in MCF-7 cells ( Figure 1D ). These moderate cytotoxic drug concentrations were utilized in further experiments.
To evaluate the apoptotic potential of each CDK inhibitor in MCF-7 and MDA-MB-231 cells, we performed DAPI staining to detect condensed DNA amount and cell death ELISA assay to confirm DNA fragmentation as a marker of apoptosis. According to Figures 2A and 2B, both CDK inhibitors showed similar responses in MCF-7 breast cancer cells, which were found more sensitive to CDK inhibitors than MDA-MB-231 cells. While roscovitine induced apoptosis by 2.1-fold in MCF-7 and MDA-MB-231 cells, purvalanol induced apoptosis by 2.5-and 1.7-fold in MCF-7 and MDA-MB-231 breast cancer cells, respectively ( Figure 2B ).
Purvalanol and roscovitine activated the mitochondrial-mediated apoptotic pathway
Since Δψm is a crucial step in intrinsic apoptotic pathway induction due to drug treatment, we observed the alteration of Δψm following exposure of cells with moderate cytotoxic concentrations of each CDK inhibitor in breast cancer cells within 24 h (Figures 3A and 3B) . According to the DiOC6 staining, 30 µM roscovitine reduced the Δψm in a similar way in both breast cancer cells, but ER-MDA-MB-231 breast cancer cells showed a resistant profile against 20 µM purvalanol treatment as compared to MCF-7 cells. Moreover, each CDK inhibitor induced caspase-9 activation and PARP cleavage in MCF-7 cells ( Figure 3C ). Although both CDK inhibitors upregulated Bax expression in both MCF-7 and MDA-MB-231 breast cancer cells, the efficiency of purvalanol was lower than that of roscovitine ( Figure 3C ).
Purvalanol induced alteration of the MAPK signaling pathway in MCF-7 breast cancer cells
To evaluate the effect of CDK inhibitors on the MAPK signaling pathway, we performed immunoblotting analysis. Following drug treatment for 24 h, we determined that although both CDK inhibitors abolished c-Ras expression levels in MCF-7 cells, they showed less effect in MDA-MB-231 breast cancer cells. Neither purvalanol nor roscovitine was effective on c-Raf expression levels in either breast cancer cell line. When we investigated p38 expression profile following drug treatment for 24 h in MCF-7 cells, both CDK inhibitors had downregulated p38 and caused dephosphorylation of p38 at the Thr180/Tyr182 site. The p38 expression was slightly downregulated after purvalanol treatment but no significant effect was observed following roscovitine treatment in MDA-MB-231 cells. In addition, phosphorylation of p38 was more effectively increased following purvalanol treatment compared to roscovitine. Both CDK inhibitors downregulated p44/42 in MCF-7 and MDA-MB-231 breast cancer cells. In a similar way, CDK inhibitors caused dephosphorylation of p44/42 at the Thr202/Tyr204 site. Although the drugs did not alter expression levels of SAPK/JNK, purvalanol dephosphorylated SAPK/JNK at the Thr183/Tyr184 site ( Figures 4A and 4B ). In addition, cells were pretreated with MAPK inhibitor U0126 (10 µM) for 2 h and then cells were exposed to appropriate concentrations of each CDK inhibitor for 24 h. According to cell viability assay, inhibition of MAPKs prevented CDK inhibitorinduced cell viability loss in MCF-7 and MDA-MB-231 cells (P < 0.0001, 2-way ANOVA, Bonferroni's multiple comparison test). In order to understand the effect of CDK inhibitors on downstream targets of the MAPK signaling cascade, we performed an immunoblotting assay to check the expression levels of c-Jun and c-Myc. While drugs downregulated c-Myc and c-Jun in MCF-7 cells, no significant difference was determined in MDA-MB-231 breast cancer cells ( Figures 5A and 5B) .
Purvalanol depleted PAs through downregulation of c-Myc and ODC in MCF-7 breast cancer cells
To evaluate the resistance phenotype of MDA-MB-231 cells against purvalanol treatment, we examined c-Myc, ODC, and OAZI expression levels in MCF-7 and MDA-MB-231 cells in a time-dependent manner. First we determined the intracellular PA pool after drug treatments. Purvalanol caused depletion of PAs in MCF-7 and MDA-MB-231 breast cancer cells (Figures 6A and 6B) . Exposure of MCF-7 cells to purvalanol for 3 h caused downregulation of c-Myc, which was again upregulated within 6-12 h. Long-term exposure of MCF-7 cells to purvalanol for 24 h downregulated c-Myc expression levels. In a similar way, the transcription target of c-Myc and ODC was downregulated starting from 1 h of purvalanol treatment in MCF-7 cells. In accordance with ODC, expression level of OAZI was downregulated in a time-dependent manner after purvalanol treatment in MCF-7 cells ( Figure 6A ). However, only ODC expression, not c-Myc or OAZI, showed fluctuations in a time-dependent manner in MDA-MB-231 cells ( Figure 6B ). MDA-MB-231, ****P < 0.0001, **P < 0.01. B) Roscovitine (0-30 µM) treatments for 24 h. MCF-7 vs, MDA-MB-231, ****P < 0.0001, ***P < 0.001, **P < 0.01, 2-way ANOVA, Bonferroni's multiple comparisons test. C) The cell cycle profile after drug treatment for 24 h was determined by FACS flow analysis following PI staining. D) Sub-G1 cell cycle phase distribution presented as mean ± std. dev. of 2 independent experiments. ****P < 0.0001, *P = 0.0224, 2-way ANOVA, Bonferroni's multiple comparisons test. Fluorometer results were obtained from 3 different culture conditions with at least 4 replicates. C) Bax and caspase-9 activation and PARP cleavage were determined by immunoblotting. Representative immunoblotting results were repeated at least twice. Statistical difference was analyzed using 2-way ANOVA and Bonferroni's multiple comparisons test. ***P = 0.0002, **P < 0.027. 
Discussion
CDKs are serine/threonine kinases that have crucial roles in various molecular mechanisms, especially related to survival and cell death mechanisms (Besson et al., 2008) . Since the clarification of molecular processes of the cell cycle, CDKs have been suggested as important therapeutic targets for cancer therapy and synthetic inhibitors of CDKs have also been shown to induce apoptosis in various cancer types such as colon (Arisan et al., 2012) , prostate , and breast (Goodyear et al., 2007) . Roscovitine is a new-generation CDK inhibitor that induces apoptosis via blocking the cell cycle at G 1 /S and G 2 /M checkpoints through activation of caspases and cytochrome-c release (Henfling et al., 2004) . In vitro studies showed that roscovitine is a promising therapeutic agent in prostate , leukemia (Hahntow et al., 2004) , and breast cancer. Moreover, roscovitine has been shown to induce cell cycle arrest and apoptosis in ER-MDA-MB-231 breast cancer cells (Mgbonyebi et al., 1999) . In addition, purvalanol caused cell cycle arrest at the G 2 /M checkpoint by inhibiting the ATP binding site of CDK1 and CDK2 (Villerbu et al., 2002) . We previously showed that both CDK inhibitors caused dephosphorylation of retinoblastoma (Rb Ser807/811) in HCT116 colon carcinoma cells, which led to growth arrest response. In addition, we also found that both purvalanol and roscovitine upregulated p53 and p21 expression levels compared to untreated HCT116 cells (Gurkan et al., 2013) . Although it was shown that roscovitine treatment led to activation of homeodomain-interacting protein kinase-2 (HIPK2), which stabilizes p53 through phosphorylation of Ser46 (Wesierska-Gadek et al., 2007) , purvalanol was shown to inhibit HIPK2 activity by eliminating its functional autocatalytic properties (Siepi et al., 2013) . Therefore, these novel CDK inhibitors gain more attention with attempts to clarify their therapeutic targets in cells. Previous studies showed that purvalanol is able to induce apoptosis via activating caspases, which leads to dysfunction of Δψm in breast cancer cells . In our previous study, we determined that 25 µM purvalanol induced apoptotic cell death by modulating Bcl-2 family members, and overexpression of Bcl-2 caused a resistant profile against purvalanol treatment in MCF-7 cells. In this study, we found that the lower concentration purvalanol (20 µM) and 30 µM roscovitine decreased cell viability and induced apoptotic cell death via inducing cell cycle arrest in MCF-7 and MDA-MB-231 cells, respectively ( Figures  1A-1D ). Similar to these data, recent studies showed that roscovitine and purvalanol caused cell viability loss and triggered cell cycle arrest in MCF-7 and MDA-MB-231 cells (Wesierska-Gadek et al., 2004; Goodyear et al., 2007) . We also observed that CDK inhibitors induced Δψm and caspase-9 activation, PARP cleavage, and upregulation of Bax expression ( Figures 3A-3C ). Although roscovitine induced similar apoptotic effects in breast cancer cells, MDA-MB-231 breast cancer cells showed a resistant profile against purvalanol treatment. The molecular mechanism of roscovitine-induced apoptosis is well studied in various cancer cells; however, less knowledge is available for purvalanol-induced apoptosis. Therefore, in this study, we aimed to understand the intracellular targets of purvalanol in breast cancer cells. The main target in this study was A B Figure 6 . Purvalanol depleted the intracellular PA levels due to ODC downregulation. The effects of purvalanol on intracellular PA levels were analyzed by HPLC analysis (top) after benzoylation processes, and gene expression profiles of PA biosynthetic and transport enzymes ODC and OAZI were determined by immunoblotting (bottom) in A) MCF-7 and B) MDA-MB-231 breast cancer cells following 24 h of 20 µM purvalanol treatments. The columns represent the mean ± std. dev. od 2 independent trials with at least 2 replicates. Statistical difference was analyzed using 2-way ANOVA and Bonferroni's multiple comparisons test. *P < 0.05, ***P = 0.0002, ****P < 0.0001. Put: Putrescine, Spd: triamine spermidine, Spm: tetraamine spermine. to evaluate the MAPK signaling axis in relation with PA biosynthetic machinery. The Ras/Raf/MEK/ERK signaling axis regulates gene expression of proteins involved in cell survival and apoptosis. Activated c-Raf phosphorylates and activates the MEK/ERK kinase pathway, which leads to activation of downstream targets such as c-Jun and c-Myc (Noguchi et al., 2000) . In the present study, we determined the expression levels of c-Ras, which is an upstream molecule involved in the stimulation of survival signals in cancer cells, following purvalanol or roscovitine treatment. We showed that c-Ras expression was downregulated after CDK inhibitor treatment more efficiently in MCF-7 cells ( Figure 5A ). While JNK and p38 are activated upon cellular stress factors or apoptosis induction, ERK1/2 is generally associated with survival signals such as mitogens (Johnson and Lapadat, 2002) . Recent studies have shown that active p38 kinase is necessary to induce G2/M cell cycle arrest after treatment with various chemotherapeutic agents including vanadate and genistein (Frey et al., 2003; Zhang et al., 2003) . In addition, asiatic acid activated phosphorylated p38 kinase and correspondingly induced cell cycle arrest and triggered apoptosis in MCF-7 and MDA-MB-231 cells, respectively. Interestingly, in the same study it was shown that ERK1/2 was activated in asiatic acid-mediated apoptosis in breast cancer cells (Hsu et al., 2005) . Similarly, another chemotherapeutic agent, rotenone, which is an inhibitor of the mitochondrial electron transport chain complex I, caused the activation of JNK and p38 and the inactivation of ERK1/2 to induce apoptosis in MCF-7 cells (Deng et al., 2010) . Conversely to these findings, in this study, phosphorylation of p38 and SAPK/JNK was diminished in MCF-7 cells, but only p38 was upregulated in MDA-MB-231 cells following purvalanol treatment. Moreover, the phosphorylated form of ERK1/2 was decreased after drug treatment in both cell lines ( Figures 4A and 4B ). In addition, U0126 pretreatment prevented CDK inhibitor-induced cell viability loss in both cell lines (Figures 4C and 4D ). Consistent with this result, it was shown that inhibition of MAPKs through U0126 pretreatment prevented cisplatin-induced apoptosis in HeLa cells (Wang et al., 2000) . According to these findings, MAPK signaling might activate apoptotic cell death as an early response against purvalanol treatment in breast cancer cells.
In order to evaluate the effect of purvalanol in downstream targets of MAPK signaling pathway, we investigated c-Myc, which is the transcription factor of various molecular targets including PA biosynthetic enzyme ODC. Previous studies showed that the MAPK signaling cascade indirectly affects ODC expression and thereby regulates the intracellular PA pool content (Noguchi et al., 2000) . It is well established that intracellular levels of PAs are elevated in malignant cells.
In a similar way, overexpression of c-Myc plays a pivotal role in the regulation of cell cycle progression in cancer cells (Hanson et al., 1994) . We determined that purvalanol downregulated c-Myc expression in MCF-7 breast cancer cells but not in MDA-MB-231 breast cancer cells ( Figures  5A and 5B) . Concomitantly, the target genes of c-Myc were found altered in MCF-7 cells following purvalanol treatment. However, no significant change in ODC expression profile was determined in MDA-MB-231 cells.
c-Myc controls the transcription of ODC, a biosynthetic enzyme of PAs, which increases intracellular PA levels (Bachrach, 2010) . Moreover, it was reported that breast cancer cells have higher levels of PAs than normal breast tissue (Wallace et al., 2000) . Therefore, the depletion of the PA pool due to ODC downregulation was reported to be an important target in drug-induced apoptotic cell death in colon (Arisan et al., 2012) , prostate , and breast cancer cells. In addition, overexpression of ODC was reported to attenuate apoptotic cell death in cancer cells (Hsu et al., 2008; Hsieh et al., 2010) . Overexpression of ODC induced biosynthesis of PAs and prevented dibenzoylmethane-induced apoptosis in leukemia cells (Wu et al., 2011) . Inhibition of ODC by difluoromethylornithine treatment decreased PAs and trigged apoptosis in neuroblastoma cells by increasing cell cycle arrest (Ravanko et al., 2000) . Similar to these findings, we determined that purvalanol treatment downregulated c-Myc and ODC expression levels in a time-dependent manner in MCF-7 cells ( Figure 6A ). However, no significant downregulation was determined in MDA-MDA-231 breast cancer cells ( Figure 6B ).
The key players of the MAPK signaling cascade, p38, ERK1/2, and JNK1/2 kinases, are well-established molecules in tumorigenesis, metastasis, and angiogenesis. Recent studies showed that increased ODC activity might be suppressed through deactivation of MAPKs in TPA-induced skin tumorigenesis cancer models after guggulsterone treatment (Sarfaraz et al., 2008) . Similarly, in this study we found that both CDK inhibitors deactivate p38, ERK1/2, and SAPK/JNK in MCF-7 cells, but do not exert similar effects in MDA-MB-231 breast cancer cells. In addition, c-Myc downregulation, which led to decreased ODC expression levels, was only determined after CDK inhibitor treatment in MCF-7 cells. Although total PA levels were diminished in each breast cancer cell line, ODC expression as well as c-Myc was not altered in MDA-MB-231 cells after purvalanol treatment. To elucidate the molecular action of purvalanol in more detail in estrogen-dependent MCF-7 and estrogen-independent MDA-MB-231 cells, we determined c-Myc, ODC, and OAZI expression profiles in a time-dependent manner. Purvalanol induced c-Mycmediated ODC downregulation starting from 3 h of treatment in MCF-7 cells. However, purvalanol treatment did not change c-Myc expression levels in MDA-MB-231 cells. Concomitantly ODC and OAZI expression levels were not altered after purvalanol treatment. Therefore, we concluded that purvalanol both activated apoptosis and inhibited cell survival via modulating the upstream factors of c-Myc, p38, ERK1/2, and SAPK/JNK, in MCF-7 cells. Although PA biosynthesis was inhibited after purvalanol treatment in MCF-7 cells, the PA pool was decreased in both breast cancer cell lines. According to our previous studies, purvalanol triggered PA catabolic machinery and depleted PA levels in MCF-7 and MDA-MB-231 (unpublished data) cells.
In conclusion, we suggest that purvalanol induced apoptosis through downregulating c-Myc and ODC as a consequence of inhibition of MAPKs in MCF-7 cells. Purvalanol might be a new therapeutic agent for the inhibition of MAPKs, which promoted cell survival mechanisms and proliferation in the treatment of metastatic breast cancer (Figure 7) .
